INTRODUCTION
This document is an overview of recent test results of optically based airdata measurement.
As background for the overview, the measurement problem is defined, existing techniques are assessed, and the shortcomings are identified. Four different activities involving the flight testing of optical airdata measurement techniques are reviewed and conclusions are developed. In summary, conclusions are drawn and technology advances are 1 identified that will be needed to bring optical airdata sensing into common, everyday use for military and commercial applications.
THE MEASUREMENT PROBLEM
Reference freestream airdata is important in flight testing and in flight operations for many reasons. The correlation of wind tunnel and flight-test results relies on freestream airdata for comparison. Most aerodynamic flight data obtained from different aircraft or from the same aircraft on different flights must be normalized using freestream airdata as the normalizing term. Flight research demands high-quality data and for this reason, the airdata information in research situations must be accurate.
In many flight-control systems, airdata is used as a scaling factor and must therefore be highly robust to assure reliable flight vehicle operation. Acquiring airdata for hypersonic flight is difficult. Conventional pressure-based airdata sensing is impractical because of the extreme environment.
Because of the important role that it plays in flight research and in operational control of aircraft systems, much effort is expended to obtain accurate, repeatable, and reliable airdata.
To identify the freestream situation, the following parameters must be known:
Airspeed-this vector quantity is most often specified by the airspeed magnitude with two flow direction angles as follows:
Flow angles defined in Fig. 1 as: _ Angle of attack (,_) -arctan (u/V) Angleof sideslip (B) -arcsin (u/v) Ambient conditions -also termed freestream conditions. Defines the atmospheric conditions found outside the locally disturbed flow field that extends some distance from the flight vehicle. Figure 1 illustrates the aircraft-referenced coordinate system used for the definition of flow direction angles. The airspeed vector is defined by the magnitude and direction of the aircraft motion relative to the atmosphere.
The ideal gas law requires that two of the three parameters be defined that comprise the ambient conditions (density, temperature, and pressure) in the gas equation of state. Other applications may require the measurement of other freestream parameters such as turbulence or gas constituents.
Traditionally, the measured parameters have been pressure and temperature, primarily because these are relatively easy to measure with conventional temperature sensors and pressure transducers.
Density traditionally has been difficult to measure directly and has not seen widespread use as a part of the ambient set of measurements.
Conventional measurements are obtained from within the disturbed local flow field and thus are subject to the effects of this field. The difficulty of measuring airdata in flight is partially illustrated in Fig. 2 , which shows the effects of a moving object on the local flow field.
This effect disturbs the local flow direction and the ambient condition measurements. Fig. 2 The measurement problem.
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The aircraft motion creates a compression region in front of the aircraft and modified flow direction around the vehicle, both of which create disturbances in the ambient local pressure field. Surface static pressure orifice locations must be carefully selected to reduce local flow effects (termed position error). These local flow effects may cause the pressure measured at the static pressure orifice to be higher or lower than the true ambient pressure. Vehicle flow direction angles (angle of attack and angle of sideslip) as well as Mach number influence the correction factors that must be applied to the pressure measurements to account for the local flow effects. Total pressure is affected by the local flow field.
Distortions
in the direction of the local flow (streamline) as it moves around the flight vehicle cause errors in the measurement of flow direction.
These effects are most pronounced at high-angle-of- As the angle between the Ioca; flow direction and the boom axis increases, the flow conditions near the pressure orifices become less well-defined.
These flow distortions affect total, static, and temperature measurements and at low dynamic pressure, airspeed is particularly sensitive to these effects.
Poor pressure recovery at the total pressure orifice contributes to this measurement sensitivity. Mach number is available. Figure 3 shows a total temperature sensor.
The accurate measure of total temperature becomes increasingly difficult as Mach number increases.
Conduction-related errors in temperature sensors propagate as the first power of the temperature difference, while radiation errors propagate as the fourth power. One or more radiation shields are often used to reduce the radiation errors particularly for sensors designed for hightemperature measurements.
survive the thermal environment.
A system similar to FADS (called the Q-ball) was used on the X-15 research vehicle to measure hypersonic airdata up to M = 6.7. 4 While the FADS uses a fixed orifice arrangement, the Q-ball used a moveable, ported spherical nose in a pressure-nulling concept. Experience has shown that as Mach number increases, the ambient pressure becomes much harder to obtain. The FADS will be used for future high Mach number flight applications such as the Pegasus _ program.
Flight research vehicles are typically equipped with a commercial airborne thermometer that
RECENT TEST RESULTS OF OPTICAL SYSTEMS
The systems used in the flight-test programs described here were designed to evaluate and demonstrate new airdata measurement concepts. For this reason, the hardware comprising each system was substantially larger than would be the case for an operational system for a high-performance aircraft.
DOPPLER AIRSPEED SENSOR

DOPPLER AIRSPEED SENSOR FLIGHT TEST
A Doppler airspeed sensor system was tested on Figure 6 shows the Doppler velocimeter concept in operation.
A carbon dioxide laser was split into three component beams to provide the particle illumination.
The laser operated at a wavelength of 10.59 P,m in a continuous wave mode. The backscattered signals were mixed with the respective transmitted signals in three interferometers to generate the Doppler information. This information was then detected by the cryogenically cooled detectors. The detector outputs were analyzed in surface acoustic wave analyzers that transformed the signal into a frequency spectrum. One hundred twenty-eight different signal spectra were averaged to select the strongest backscattered frequency for further analysis. Digital processing of the spectral signals transformed the velocity components along the three beams into re- Of this total, 258 min (41 percent) was classified as good. Figure 10 It suggests that the system may be used for calibration of conventional favorable atmospheric conditions.
New optimized system designs using particle measuring wavelengths more sensitive to the small particles found at high altitudes and in clear atmospheric conditions may well cover the entire flight envelope. Figure 11 shows the sheet-pairs system concept.
SHEET-PAIRS AIRSPEED SENSOR
SHEET-PAIRS
Lasers at a wavelength of .810 #m were used and were configured to measure particle passing velocity at a point approximately 1.2 m from the aircraft surface which is still inside the local flow field for most flight vehicles.
A set of three sheet-pairs systems is required to measure airspeed in three different (nonorthogonal) directions to obtain the magnitude and direction of the airspeed vector. Adaptive threshold adjustment controls the rate of particle ever,t occurrence to match the computational speed of the system and provide the best statistical basis for estimating time-of-flight duration. High-speed digital processing discriminates between noise and real particle events for the subsequent correlation process to match events between the sheet pairs. Figure 13 shows the inferred particle size distribu- Figure 14 shows the x-axis data obtained from the flight test and Fig. 15 shows the reference correlation. to assure that it is really steady-state information that is being compared. Figure 19 illustrates the high correlation between the radiometric temperature sensor and the reference sensor.
The conclusions
from the radiometric temperature sensor testing are quoted as follows: 9 .
The radiometric sensor agrees with immersion sensors in clear air to within the estimated 1a accuracy of those sensors (0.3°C).
. The radiometric sensor measures temperature more accurately in clouds than the immersion sensors. There is clear evidence that the wetting of the immersion sensors at temperatures above freezing causes evaporation and an erroneously low reading.
.
On occasion
there are some apparent airspeed expansion effects that cause the radiometric sensor to measure temperatures too low by up to 0.8°C. These effects are thought to be the result of accelerated airflow around the aircraft fuselage. Although this temperature error is larger than the error band cited previously in (1) it was only infrequently observed and was averaged with other measurements with much higher accuracy. 
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GENERAL CONCLUSIONS
Based on the in-flight performance of the optical airdata measurement techniques reviewed, it is possible to draw the following general conclusions:
. 
